Hepatocellular carcinoma (HCC) is the third leading cause of cancer mortality worldwide and is considered to be the outcome of chronic liver inflammation. Currently, the main treatment for HCC is surgical resection. However, survival rates are suboptimal partially because of tumor recurrence in the remaining liver. Our aim was to understand the molecular mechanisms linking liver regeneration under chronic inflammation to hepatic tumorigenesis. Mdr2-KO mice, a model of inflammation-associated cancer, underwent partial hepatectomy (PHx), which led to enhanced hepatocarcinogenesis. Moreover, liver regeneration in these mice was severely attenuated. We demonstrate the activation of the DNA damage-response machinery and increased genomic instability during early liver inflammatory stages resulting in hepatocyte apoptosis, cell-cycle arrest, and senescence and suggest their involvement in tumor growth acceleration subsequent to PHx. We propose that under the regenerative proliferative stress induced by liver resection, the genomic unstable hepatocytes generated during chronic inflammation escape senescence and apoptosis and reenter the cell cycle, triggering the enhanced tumorigenesis. Thus, we clarify the immediate and long-term contributions of the DNA damage response to HCC development and recurrence. hepatocellular carcinoma | MRI | MDR2 -/-mice | genomic instability
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hepatocellular carcinoma | MRI | MDR2 -/-mice | genomic instability T he inflammatory process is a contributor, if not a cause, of a wide variety of neoplasms (1) . It is estimated that underlying inflammatory responses are linked to 15-20% of all deaths from cancer worldwide (2) . Whereas the association between chronic immune activation and the development of cancer has been recognized for some years, only recently have we begun to understand the mechanisms underlying this phenomenon (3) (4) (5) . Hepatocellular carcinoma (HCC) is the fifth most common cancer worldwide (6) . It has become widely recognized that the most influential factor for the development of HCC is ongoing inflammation in the liver induced by chemicals, viral or bacterial infections, autoimmunity, and metabolic diseases (7) . The role of transcription factors such as NF-κB and STAT3, cytokines like IL-6 and IL-1α, ligands of the EGF receptor, and other inflammatory mediators in HCC development have been described previously (8, 9) .
Liver resection [partial hepatectomy (PHx)] is the preferred treatment for HCC patients. However, survival rates following PHx are suboptimal, mostly because of tumor recurrence, which, within 5 years, is in the range of 75-100% of cases (10, 11) . Undetected intrahepatic lesions attribute to 60-70% of recurrences, whereas 30-40% are de novo HCCs (12) .
Previous animal studies investigating the effects of liver regeneration on tumor progression were performed using tumor cells transplanted s.c. or directly into the liver (13, 14) or on chemically induced tumors (15) (16) (17) . Additional molecular studies were based on plasma injection or in vitro experiments (13, 15) . In these animal models, PHx has been shown to enhance both the initiation and promotion phases of hepatocarcinogenesis when compared with sham operation (13, [16] [17] [18] [19] . However, in these models, there was no underlying liver inflammation, as is the case in humans with HCC. Currently, there is insufficient information on the mechanisms by which the inflammatory microenvironment affects liver regeneration and the effect of both inflammation and regeneration on hepatocarcinogenesis. Under these conditions, there is replicative senescence exhaustion in the cirrhotic liver, increasing the risk for malignancy (20) . Previous studies have revealed inhibition of liver regeneration in mice bearing transplanted tumors or injected i.p. with plasma from tumor-bearing mice (21, 22) .
Our research objective was to understand the biological processes that could promote the development of HCC in a chronically inflamed liver during regeneration. To study the mutual effects of liver regeneration, inflammation, and carcinogenesis, we used the Mdr2-KO (Mdr2 −/− ) mouse, which is an HCC model simulating the human clinical condition (i.e., HCC resulting from chronic liver inflammation) (23) . These mice lack the liver-specific P-glycoprotein inducing portal inflammation at an early age (3 months), which is followed by slowly developing HCC (between the ages of 12 and 15 months).
In previous studies, we followed the development of liver fibrosis and determined the role of inflammation in the development of HCC in these mice (9, (24) (25) (26) . In this study, we aimed to assess the impact of regenerative stress during chronic liver inflammation on carcinogenesis. We have observed that liver resection significantly promotes tumorigenesis and attenuates regeneration. We propose that under the regenerative proliferative stress induced by liver resection, the genomic unstable hepatocytes generated during chronic inflammation escape senescence or apoptosis and reenter the cell cycle, triggering the enhanced tumorigenesis.
Results
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Data deposition: The data reported in this paper have been deposited in the Gene Expression Omnibus (GEO) database, www.ncbi.nlm.nih.gov/geo (accession no. GSE14539) (National Center for Biotechnnology Information tracking system no. 15577663). (inflamed liver) and 9-month-old (preneoplastic stages) Mdr2 −/− mice ( Fig. S1 A and B) . Tumor progression was enhanced in the PHx Mdr2 −/− mice compared with sham operated Mdr2 −/− mice, as monitored by MRI, regardless of age at surgery ( Fig. 1 and Fig.  S2 ). The tumors were distinguishable by MRI at least a month earlier in the PHx mice compared with the sham operated Mdr2 −/− mice. In mice operated on at the age of 9 months, both the size and number of tumors increased in the PHx group compared with the sham group (Fig. 1C) . Although tumors from both PHx-and shamoperated groups were defined as well-differentiated HCC by pathological examination, a larger number of mitotic cells were present in tumors of PHx mice (25 ± 5 vs. 5 ± 3, respectively), corresponding to the MRI results. These results might suggest a direct or indirect effect of the growth factors and cytokines, which are involved in the regeneration process, on the preneoplastic liver parenchyma. However, PHx had a prolonged effect on tumor growth in view of the fact that tumor size was also enhanced in the 3-month-old Mdr2 −/− mice that underwent surgery (Fig. 1D ).
Mdr2
−/− Mice Regenerative Delay. Because inflammatory mediators play an important role in liver regeneration and there is a known elevation of the mitotic index in the Mdr2 −/− mice (26), one would expect enhanced liver regeneration following PHx in these mice. We subjected 3-month-old (chronic inflammation) and 9-month-old (preneoplastic stages) Mdr2
−/− and equivalent control mice to 70% PHx and analyzed the regenerative response of the liver using serial MRI scans. Surprisingly, liver regeneration was significantly delayed in the Mdr2 −/− mice compared with controls at both ages (P < 0.05 for the 3-month-old mice and P < 0.01 for the 9-month-old mice; We continued to unfold the molecular mechanisms responsible for the regeneration attenuation on inflammation only in the 9-month-old mice. We evaluated hepatocyte proliferation kinetics using injections of BrdU (staining cells entering S-phase) at several time points (days 2, 4, 6, 9, and 12) post-PHx. Measurements done in the control mice yielded, as expected, an increase in the number of BrdU-labeled hepatocytes on days 4-6 post-PHx (aged mice; Fig. 2E ). In the Mdr2 −/− mice, however, only a few BrdU-labeled hepatocytes were observed at any of the time points measured (P < 0.001). We further checked whether the hepatocytes had entered the cell cycle by immunostaining with CDC47/MCM7 (detecting cells mainly in the G 1 -phase) Percentage of liver volume compared with the volume before surgery was calculated for each animal, and averages ± SD were plotted. *P < 0.01; **P < 0.05. The horizontal dashed line marks liver volume restoration. Representative liver sections of control and KO 9-month-old mice killed on day 6 after 35% PHx immunostained for BrdU (E) and CDC47 (F). Quantification of the BrdU-and CDC47-positive cells (E and F, respectively) was done at the indicated time points for 30 randomly selected fields (n ≥ 3 mice per time point per group). HPF, high-power field.
( Fig. 2F) . Surprisingly, in the 9-month-old Mdr2 −/− mice, a larger number of hepatocytes were found to be CDC47-positive (Fig.  2F ), indicating that they had entered the cell cycle. Hence, these results suggest that in the Mdr2 −/− mice, a significant number of hepatocytes entered the cell cycle but did not progress into DNA synthesis and cell division, resulting in a proliferative delay.
Gene Expression Signature During Regeneration in an Inflamed Liver.
To reveal the molecular basis for the enhanced tumorigenesis and the delayed regeneration in the PHx Mdr2
−/− mice, we performed genome-scale gene expression profiling to compare expression patterns of liver samples of 9-month-old Mdr2 −/− and control mice from days 0 (the removed lobe), 2, and 6 post-PHx (Fig. S3A) . A bioinformatics/statistical analysis revealed a dramatic up-regulation of genes in the control mice on day 2 or 6 post-PHx (>300 genes) compared with day 0 when stringent criteria were applied (Fig. S3 B and C) . This up-regulation of genes, attributable to liver regeneration, was scarce in the Mdr2 −/− mice. Remarkably, most of the genes that were upregulated in the control mice post-PHx were not up-regulated in the Mdr2 −/− mice before PHx [Gene Expression Omnibus (GEO) accession no. GSE14539]. Subsequently, we reviewed the annotation groups of the up-regulated genes. Control mice demonstrated an up-regulation of genes known to be involved in cell cycle, cell death, and DNA damage on day 6 post-PHx, which was absent in the Mdr2 −/− mice ( Fig. 3 A and B) . In the 9-month-old Mdr2
−/− mice, we found abnormal expression levels of genes involved in DNA repair and, specifically, members of the ataxia telangiectasia mutated (ATM)/ATM-RAD3 related (ATR) pathway that are involved in the cellular response to DNA double-strand breaks (DSBs) (Fig. 3C) . Genes involved in DNA damage sensing and mediators of the damage signal, including BRCA1, Cdkn1a, H2afx, and Trp53bp1, were a priori up-regulated in Mdr2 −/− mice on day 0.
High Incidence of DNA Damage in the Mdr2
−/− Mice. Because we found up-regulation of DNA damage and repair genes in the Mdr2 −/− mice, we examined the presence of DNA damage in their livers using two markers of DSBs: nuclear foci of the protein 53BP1, which accumulates at DSB sites (27) , and phosphorylation of the histone H2AX by antibodies against the phosphorylated histone (γ-H2AX) (28) . In the control mice, hardly any γ-H2AX-labeled hepatocytes were observed (Fig. 4A) . However, there were significantly more γ-H2AX-labeled hepatocytes in Mdr2 −/− mice (P < 0.001; Fig. 4A ). Moreover, 53BP1 exhibited nuclear foci in many hepatocytes of Mdr2 −/− mice (Fig. S4) . Thus, two indicators of DSBs suggest the presence of DSBs in 9-month-old Mdr2 −/− mice.
Activation of DNA Damage Downstream Effectors. The DSB response begins with the recruitment of the sensor proteins to the damaged sites (29) . These proteins are involved in the initial processing of the damage and activation of the transducers of the DNA damage alarm. The primary transducer of the DSB alarm is the nuclear serine-threonine kinase ATM (30) . ATM then phosphorylates a plethora of effectors, which are key players in a variety of damage response pathways (30, 31) , including DNA repair, cell cycle checkpoints, and programmed cell death (32, 33) . Activated ATM phosphorylates, among others, the checkpoint protein kinase Chk2 on T68 (33, 34) . Indeed, Chk2 was phosphorylated in many of the hepatocytes of 9-month-old Mdr2 −/− mice but not in controls, as seen by immunohistochemistry (P < 0.001; Fig. 4B ). Thus, the high level of DSBs in the Mdr2 −/− hepatocytes induced activation of the DNA damageresponse pathway.
DNA Damage-Response Targets. To determine the physiological consequences of up-regulation of the DNA damage sensors and mediator responses, we further explored the status of the end points of the damage response. Following DNA damage, normal cells arrest at the G 1 /S or G 2 /M transition of the cell cycle. Indeed, p21, a major cell cycle inhibitor at both G 1 and G 2 (35) , was significantly elevated in the Mdr2 −/− mice, as indicated by the gene expression profiles and confirmed by immunohistochemistry (P < 0.001; Fig. 4C ). The G 2 arrest is thought to occur by mechanisms that maintain inhibitory phosphorylation on Thr14 and Tyr15 of Cdk1 (36) . Thus, we examined samples of liver sections for Tyr15-phosphorylated Cdk1 (pY-Cdk1). In the 9-month-old Mdr2 −/− mice, pY-Cdk1 staining was predominantly cytoplasmic and mainly in the vicinity of blood vessels (Fig. 4D) . In control mice, we found significantly fewer pY-Cdk1-positive cells, with complete abolition of phosphorylation on day 6 post-PHx in contrast to the Mdr2 −/− mice (P < 0.01; Fig. 4D ). Moreover, there was a remarkable increase of senescent hepatocytes, an indicator of long-term cell cycle arrest (37), in aged Mdr2 −/− mice as assessed by both β-galactosidase expression and heterochromatin protein-1 (HP1) immunohistochemical staining (Fig. S5) . Furthermore, there was an apparent elevation of apoptosis in the Mdr2 −/− mice Cluster analysis of proapoptotic genes demonstrated elevation of the expression of these genes in the Mdr2 −/− mice (Fig. S6) , and there was a significantly higher level of TUNEL staining in the Mdr2 −/− mice compared with control mice (P < 0.001; Fig. 4E ). In conclusion, the hepatocytes of the Mdr2 −/− mice contained high levels of DSBs inducing the DNA damage response, which, in turn, stimulated both cell cycle arrest and apoptosis.
Genomic Instability. DSBs constitute a major threat to genome integrity because they can result in chromosomal aberrations leading to cell malfunctioning, uncontrolled replication, and cell death (38) . Thus, we investigated whether genomic instability had occurred in the Mdr2 −/− mice. Indeed, many genes in the recently published chromosomal instability gene expression signature (39) were significantly elevated (P < 0.01) in the 9-month-old Mdr2 −/− mice compared with control mice (Fig. S7 ). Of the 53 signature genes identified in our probe set, 25 were up-regulated in the Mdr2 −/− mice, demonstrating enrichment of these genes. Thus, there was apparent genomic instability in the livers of the 9-monthold Mdr2 −/− mice before PHx. To assess global genomic changes directly, we performed comparative genomic hybridization (CGH) analysis of four HCC tumors and their matched nontumorous liver samples from 9-month-old Mdr2 −/− mice that underwent PHx at the age of 6 months, using an Agilent 44K array CGH platform. The CGH results demonstrated prolonged amplification in all four tumors with no detectable deletion (Fig.  S8) . In two of four tumors, there were regions that were amplified by 2-to 12-fold, which could indicate clonality. Three chromosomal regions were amplified in three (75%) of the four tumors, possibly indicating unknown fragile sites in mice. We found good correlation between tumor size and fold change of the amplified regions (Fig. S9A) . At least two of the common amplified regions in tested murine HCC tumors had synteny to chromosomal regions that are frequently amplified in human HCC (Fig. S9B) .
Discussion

Inflammation is a common theme across many of the HCC etiologies (40). Mdr2
−/− mice offer a model that recapitulates key features of the human disease, including inflammatory environment, genomic instability, and fibrosis (9, 23, 24, 26) . Using this model, we explored the interaction between inflammation, regeneration, and HCC and propose a molecular explanation for the enhanced liver tumorigenesis following PHx. We found accelerated tumorigenesis in the Mdr2 −/− hepatectomized mice. This effect was not only immediate but lasting, because PHx performed on 3-month-old mice also resulted in enhancing the development of HCC. Thus, PHx and liver regeneration in an inflammatory environment induce permanent alterations in the liver contributing to carcinogenesis.
We revealed attenuated regeneration in the Mdr2 −/− mice. In addition, we demonstrated that hepatocyte proliferation was decelerated in these 9-month-old mice, as previously found in 3-month-old mice (26) . In the Mdr2 −/− mice, a significant number of hepatocytes entered the cell cycle but did not progress into DNA synthesis and cell division, culminating in a proliferative delay. There may be many explanations for this delay, among which are up-regulation of p21; maintenance of the inhibitory phosphorylation on Tyr15 of Cdk1; and up-regulation of TGF-β1, which is known to control and terminate regeneration (41) . Evidently, in the array analyses, we identified high expression of the TGF-β1 receptor and p21 in the Mdr2 −/− mice and further confirmed these findings by immunostaining for p21 and pY-Cdk1.
Using gene expression profiling and immunostaining, we discovered abnormal expression of DNA damage-response genes in the Mdr2 −/− mice (i.e., γ-H2AX, 53BP1, and Chk2). Therefore, we propose that there is an accumulation of DSBs in the hepatocytes of the Mdr2 −/− mice consequential to the chronic inflammatory state. MiR-34a is directly transactivated by p53 and induces apoptosis and cell cycle arrest in the G 1 -phase, thereby suppressing tumor cell proliferation and DNA repair (42) . We found up-regulation of miR-34A in 9-month-old Mdr2 −/− mice, supporting our conclusion that the DNA damage-response pathway is activated in these mice (see SI Text). Moreover, we revealed three end points of the DNA damage response in these hepatocytes: high levels of cell cycle arrest, senescence, and apoptosis. The cell cycle arrest explains the delayed regeneration and the hepatocytes' failure to complete the cell cycle and liver volume. There is apparent apoptosis of hepatocytes in the 9-month-old Mdr2 −/− mice before PHx, declining following PHx, probably attributable to factors known to provide protection from apoptosis during liver regeneration (43) . Hence, hepatocytes destined to undergo apoptosis or under senescence because of DSBs are salvaged and contribute to the genomic instability state of the liver. Inflammatory promoters increase production of reactive oxygen species, leading to oxidative DNA damage, and reduce DNA repair (5) . Leukocytes and other phagocytic cells induce DNA damage in proliferating cells through their generation of reactive oxygen and nitrogen species that are produced normally by these cells to fight infection (5) . It has been found previously that inflammation engages components of the DNA damageresponse machinery through oxidative stress (34, 44) . Moreover, there is some preliminary evidence for elevated oxidative stress in the Mdr2 −/− mice in the chronic inflammatory stages (26) . Furthermore, intrahepatic chronic hypoxia may occur during the inflammatory and fibrotic processes that characterize several chronic liver diseases (45) . Hypoxic cells may have decreased DNA repair and increased chromosomal instability (46) . Migration inhibitory factor is involved in modulation of the DNA damage response during inflammation and is up-regulated in the Mdr2 −/− mice. In summary, it is not surprising that the chronically inflamed and fibrotic liver of Mdr2 −/− mice suffering from oxidative stress exhibits an activated DNA damage response.
PHx in the Mdr2 −/− mice induces a replicative stress that is initially halted, thus attenuating regeneration. Cell proliferation involves numerous processes that need to be tightly coordinated to ensure the preservation of genome integrity and to promote faithful genome propagation. Coordination of DNA replication with DNA damage sensing and repair and cell cycle progression ensures, with a high probability, genome integrity during cell division, thus preventing mutations and DNA rearrangements (47) . Under replication stress, ssDNA gaps and DNA breaks can occur (47) , as mirrored by the up-regulation in control mice of the genes included in the chromosomal instability signature (39) during regeneration (Fig. S6) . Up-regulation of the chromosomal instability signature genes suggests genomic instability in the livers of the 9-month-old Mdr2 −/− mice before PHx. Inaccurate DNA repair can lead to mutations and/or chromosomal aberrations that can contribute to carcinogenesis (36, 38) . During tissue injury, cell proliferation is enhanced while the tissue regenerates; proliferation and inflammation subside after the repair is completed. In contrast, proliferating cells that sustain DNA damage and/or mutagenic assault, such as the resected livers in an inflammatory background, continue to proliferate in microenvironments rich in inflammatory cells and growth/survival factors that support their growth (5) . Additionally, some of the inflammation-induced DNA damaged cells under proliferative stress replicate, leading to increased genomic instability and facilitating tumorigenesis (Fig. 5 and Fig. S8 ).
It has been demonstrated previously that defects in DSB repair lead to chromosomal instability (48) . In humans, up-regulation of DNA repair genes in cirrhotic patients was identified. Increased DNA repair activity in cirrhosis with inflammatory activity may reflect increased DNA damage as a consequence of chronic liver injury (49) . Activation of the ATM signaling pathway was found in chronic nonsupportive destructive cholangitis in primary biliary cirrhosis (50) . Signs of endogenous DNA damage, marked by Chk2 phosphorylation and γ-H2AX, were found in the cancerous portions of histological sections (34) . Additionally, genomic instability is a common feature of human HCC, with various mechanisms suspected to contribute, including telomere erosion, chromosomal segregation defects, and alterations in the DNA damage-response pathways (40) . There are many genomic alterations in HCC, as evidenced by CGH studies (40) . Recently, it has been shown in Ku70 −/− mice that defective DNA repair induces chromosomal instability accelerating liver carcinogenesis (51).
Our data suggest that before PHx, there is genomic instability in the hepatocytes of the Mdr2 −/− mice induced by the activated DNA damage response. It is apparent that the DNA damage response has a role as a barrier in tumor progression and that replication stress is an underlying trigger of oncogene-induced DNA damage response (52, 53) . The proliferative stress during liver regeneration on the mutated hepatocytes may explain the enhanced tumorigenesis. DNA damage-response-induced genomic instability may lead to loss of tumor suppressors and oncogene activation. The observation that a chronic inflammatory state is a prerequisite for genomic instability, leading to HCC on enhanced regeneration, should warrant further investigations aimed at suppressing the inflammatory stress long before the development of dysplastic changes. In addition, to reduce tumor recurrence following liver resection, administration of pro-DNA repair agents should be considered before resection.
Materials and Methods
Mice. Founders of the FVB.129P2-Abcb4 tm1Bor (Mdr2
; formerly FVB.129P2-Pgy24 tm1Bor ) and WT FVB/NJ mice were purchased from the Jackson Laboratory. The F1 hybrids produced by breeding of FVB.129P2-Abcb4 tm1Bor and FVB/NJ mice were used as age-matched controls. Thirty-five percent and 70% PHx or sham surgery was performed according to the method of Higgins and Anderson (54), adapted to mice (55), on 3-month-old (inflamed liver), 6-month-old, and 9-month-old (preneoplastic stages) Mdr2 −/− mice and aged-matched control mice (Fig. S1 ).
Gene Expression Profiling. RNA was isolated from frozen liver samples of 9-month-old Mdr2 −/− and control mice obtained on days 0 (the removed lobe), 2, and 6 following PHx (Figs. S1B and S3). Total RNA was isolated and subjected to genome-scale gene expression profiling using Mouse Genome Array 430A (Affymetrix, Inc.). The gene expression data discussed in this article were deposited in the National Center for Biotechnology Information's (NCBI) GEO Series (accession no. 14539) and are accessible through the NCBI tracking system (no. 15577663). Immunohistochemistry. The following antibodies were used for immunohistochemistry: mouse antibody to CDC47 (1:100; Biocare Medical), mouse antibody to γ-H2AX (1:100, 05-636; Upstate), rabbit antibody to Chk2-T68 (1:50; Abcam), mouse antibody to P21 (1:500, sc-6246; Santa Cruz), and rabbit antibody to CDC2 phospho-(Tyr15) (1:50, Novus Biologicals). BrdU staining was performed using a Cell proliferation kit (Amersham). TUNEL staining was performed with an in situ Cell Death Detection Kit (Roche Diagnostics). A detailed description of all the other methods appears in SI Materials and Methods.
